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In nature,  plants  are  simultaneously  exposed  to a combination  of biotic  and  abiotic  stresses  that  limit
crop  yields.  Only  recently,  researchers  have  started  understanding  the molecular  basis  of  combined  biotic
and abiotic  stress  interactions.  Evidences  suggest  that  under  combined  stress  plants  exhibit tailored
physiological  and  molecular  responses,  in  addition  to  several  shared  responses  as  part  of  their  stress
tolerance  strategy.  These  tailored  responses  are  suggested  to occur  only  in plants  exposed  to  simultaneous
stresses  and this  information  cannot  be inferred  from  individual  stress  studies.  In  this  review  article,
we  provide  update  on the  responses  of  plants  to simultaneous  biotic  and abiotic  stresses,  in particular
drought  and pathogen.  Simultaneous  occurrence  of  drought  and  pathogen  during  plant  growth  provokesathogen
imultaneous stress
ailored response
complex  pathways  controlled  by different  signaling  events  resulting  in  positive  or negative  impact  of
one  stress  over  the  other.  Here,  we  summarize  the  effect  of combined  drought  and  pathogen  infection
on  plants  and  highlight  the  tailored  strategies  adapted  by  plants.  Besides,  we enumerate  the evidences
from  pathogen  derived  elicitors  and  ABA  response  studies  for understanding  simultaneous  drought  and
pathogen  tolerance.
©  2014  The  Authors.  Published  by  Elsevier  GmbH.  This  is an  open  access  article  under  the CC
BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Plants are often exposed to diverse environmental stresses
nd have acquired speciﬁc mechanisms to combat these stresses.
ver the past decade, the molecular mechanisms underlying biotic
nd abiotic stress tolerance have been intensely studied with
uch emphasis on tolerance mechanisms pertaining to individ-
al stresses (Abuqamar et al., 2009; Mengiste et al., 2003; Suzuki
t al., 2005). Besides, existence of crosstalk between plants inde-
endently exposed to biotic and abiotic stresses and their positive
cross-tolerance) or negative inﬂuence on plants have been shown
Abuqamar et al., 2009; Fujita et al., 2006; Jakab et al., 2005; Ton
t al., 2005) (Supplementary Table S1). These studies have pro-
ided avenues for improvement of plants for combating multiple
ndividual stress tolerance (Supplementary Table S2) (Mao  et al.,
010; Sreenivasulu et al., 2007). Recently, gene expression data
rom independent biotic and abiotic stress experiments have been
xplored to identify shared stress-responsive genes (Luo et al.,
005; Narsai et al., 2013; Shaik and Ramakrishna, 2013, 2014;
harma et al., 2013; Tippmann et al., 2006). However, in nature,
lants are often simultaneously challenged by multiple biotic and
biotic stresses. Plants tolerating two or more independently occur-
ing stresses need not necessarily tolerate these stresses when
hey occur simultaneously (Atkinson and Urwin, 2012; Collins
t al., 2008; Mittler, 2006; Mittler and Blumwald, 2010; Nostar
t al., 2013). Recent evidences suggest that plants have the abil-
ty to cope with simultaneous biotic and abiotic stresses through
xhibition of tailored responses (Supplementary Table S2) which
annot be understood by directly extrapolating the results from
ndividual stress studies where each stress is applied indepen-
ently (Atkinson and Urwin, 2012; Atkinson et al., 2013; Bostock
t al., 2014; Kissoudis et al., 2014; Prasch and Sonnewald, 2013,
014; Rasmussen et al., 2013; Rivero et al., 2013; Suzuki et al.,
014). Despite the need for understanding simultaneous biotic and
biotic stress tolerance of plants (Supplementary Table S2), not
any studies were undertaken in this direction. In this review arti-
le, we report comprehensive literature information on combined
rought and pathogen interaction, and provide future research
rospects for mechanistic understanding of simultaneous stress
olerance.
Supplementary Tables S1 and S2 related to this article can be
ound, in the online version, at http://dx.doi.org/10.1016/j.jplph.
014.11.008.
esponse of plants to simultaneous biotic and abiotic
tresses
The ever changing climatic factors increase the chances of occur-
ence of abiotic stresses in future. Evidences also suggest that
he climate change will also expand the host range of pathogens
ith increased chances of virulent strain development (Garrett
t al., 2006). Therefore, the occurrence of combined biotic and
biotic stress is likely to be higher in future. Although the inter-
ction between biotic and abiotic factors in plants was analyzed
n the past several years through extrapolation of information
rom individual stress responses, yet, the physiological and molec-
lar responses that occur in plants exposed to a combination of
imultaneous biotic and abiotic stresses remain elusive. The avail-
ble evidences indicate that simultaneous occurrence of biotic
nd abiotic stresses can cause either a negative (i.e., susceptibil-
ty) or positive (i.e., tolerance) effect on plants depending on the
tress and pathogen under study (Tippmann et al., 2006). Reports
n combined pathogen and high temperature stress indicate that
igh temperature increases the disease susceptibility of plants.
n tobacco (Nicotiana tabacum) and pepper (Capsicum annuum),f Plant Physiology 176 (2015) 47–54
high temperature suppressed its resistance to Tobacco mosaic virus
(TMV) and Tomato spotted wilt virus (TSWV), respectively (Király
et al., 2008; Moury et al., 1998). The increase in spot blotch (caused
by Cochliobolus sativus)  severity observed in wheat genotypes
was correlated with an increase in average night time tempera-
tures in an experiment conducted over six years (Sharma et al.,
2007). In Arabidopsis and N. benthamiana, both basal and the resis-
tance (R)-gene-mediated defense responses against Pseudomonas
syringae were inhibited under high temperature (Wang et al., 2009).
Hypersensitive response (HR) induced by R-genes against Potato
virus X (PVX) and TMV  was  also delayed in plants exposed to
high temperature stress (Wang et al., 2009). These studies indi-
cate that both basal and the R-gene-mediated defense responses
are suppressed during combined high temperature and pathogen
infection, and this trend is not seen in plants exposed to individual
stresses.
Contrast to the above mentioned studies on increased suscep-
tibility, several other studies documented resistance responses of
plants during combined biotic and abiotic stresses. Occurrence of
high temperature stress in combination with Puccinia striiformis
(causal agent of stripe rust) infection enhanced disease resistance
in spring wheat (Triticum aestivum) (Carter et al., 2009). Salinity
stress also increased resistance of barley (Hordeum vulgare) plants
to Blumeria graminis (causal agent of powdery mildew) in a con-
centration dependent manner (Wiese et al., 2004). Salinity stress
can exert both osmotic and ion toxicity effect potentially restric-
ting the pathogen growth. Exposure of rice plants to combined
drought stress and plant-parasitic nematode infection ameliorated
the severity of drought stress (Atkinson and Urwin, 2012). Taken
together, these studies indicate that during simultaneous biotic and
abiotic stresses, plants exhibit a complex and differential response
leading to resistance or susceptibility of plants.
Combined drought stress and pathogen infection exert
either positive or negative effect on plants
Among several biotic and abiotic stress combinations, plant
interaction with simultaneous drought stress and pathogen is one
of the well-studied combinations (Carter et al., 2009; Király et al.,
2008; Mayek-Perez et al., 2002; McElrone et al., 2003; Ramegowda
et al., 2013a; Sharma et al., 2007; Wang et al., 2009; Xu et al., 2008).
Unlike other biotic and abiotic stress combinations, the occurrence
of pathogen-drought stress combination is not instantaneous as
drought stress develops gradually. In the ﬁeld situation, during the
course of drought stress development, pathogens can infect plants
or drought stress can occur on already pathogen infected plants
resulting in plants having to deal with combined pathogen and
drought stress. The outcome of this interaction varies depending on
the severity of each stress (Achuo et al., 2006; McElrone and Forseth,
2004; Olson et al., 1990; Xu et al., 2008). The following scenario
explains how severity of one stress inﬂuences the plant responses
to combined stress (Fig. 1; top middle panel). Plants exposed to mild
drought stress activate the basal defense (Supplementary Table S2)
response which enables plant to defend the pathogen infection. On
the contrary, severe drought causes leakage of cellular nutrients
into apoplast which facilitates successful pathogen infection. One  of
the possible reasons for combined tolerance is the inherent capacity
of plants to tailor the existing mechanisms. On the other hand, the
susceptibility could be due to inability to tailor tolerance mech-
anisms and most importantly, potential exacerbation of damage
caused by one stress. This scenario gets further complicated when
several stresses occur at the same time. Abscisic acid (ABA), the
primary regulator of drought stress response is also known to alter
pathogen response of plants. In the following sections, we  com-
prehend the available literature information and enumerate the
V. Ramegowda, M.  Senthil-Kumar / Journal of Plant Physiology 176 (2015) 47–54 49
Fig. 1. Potential phenotypic response of plants exposed to combination of drought stress and pathogen infection. Top left: Pathogen infection on already drought stressed
plants  can either result in plant resistance to pathogen through drought-induced activation of basal defense or can result in susceptibility due to weakened basal defense.
Drought-induced pathogen resistance is presumably due to enhanced induction of antimicrobial and PR-proteins activated by drought. These compounds can protect plants
during  early stages of pathogen infection. The susceptibility could be attributed to high levels of ABA in drought stressed plants which can interfere with pathogen-induced
plant  defense signaling and thereby reduce the expression of defense-related genes. Top middle: Exposure of plants to simultaneous drought stress and pathogen infection
can  result in tolerance to both stresses due to inherent ability of plants to induce unique tailored strategies. On contrary, it can also make plants more susceptible to both the
stresses due to weakened ﬁtness of plants due to exacerbation of damage caused by one stress on other. Top right: Exposure of pathogen infected plants to drought stress
can  result in their tolerance to drought stress through pathogen-induced salicylic acid (SA)-dependent ROS signaling. Conversely, it can also result in susceptibility of the
plants  to drought stress due to SA or jasmonic acid (JA)-mediated reduction in responsiveness of plants to abscisic acid (ABA). Bottom left: Increase in ABA concentration
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ossible responses of plants to the combination of simultaneous
rought stress and pathogen infection.
arly response of plants to drought stress affects pathogen
nfection
Under drought stress, plants could become vulnerable to
athogens (Fig. 1; top left panel). Infection of Xylella fastidiosa
causal agent of bacterial leaf scorch) on Parthenocissus quinque-
olia plants grown under low soil moisture levels resulted in severe
corch symptoms in leaves in addition to reduced total leaf area,
hoot length, leaf water potential and stomatal conductance as
ompared to pathogen alone infected plants grown under nor-
al  soil moisture (McElrone et al., 2001, 2003; McElrone and
orseth, 2004). Similarly, simultaneous exposure of common bean
Phaseolus vulgaris) plants to drought stress and a fungal pathogen,
acrophomina phaseolina (causal agent of charcoal rot and seedling
light) resulted in higher transpiration rate and leaf temperature as
ompared to plants subjected to only drought stress (Mayek-Perez
t al., 2002). Hybrid poplar (Populus nigra × P. maximowiczii)  grown
nder drought stress and infected by Septoria musiva (causal agent
f leaf spot and canker diseases) developed larger cankers (Maxwell
t al., 1997). Also, red pines (Pinus resinosa) grown under moderate
rought stress were susceptible to various isolates of Sphaeropsis
apinea (causal agent of blight) (Blodgett et al., 1997). It appears
hat these pathogens attack plants growing under stressful condi-
ions when their basal protection mechanism is weakened causing
urther damage to the plants (Kendig et al., 2000).re or ABA can make plants more susceptible to pathogen by suppressing JA or SA
acclimation (see Glossary) or no acclimation response of plants, respectively; solid
ination.
Conversely, drought stressed plants were shown to resist certain
pathogens which require consistent wet or humid environmental
conditions (Fig. 1; top left panel). In tomato, drought stress reduced
fungal pathogen, Botrytis cinerea (causal agent of gray mold)
infection by 50% and also suppressed spread of another fungal
pathogen, Oidium neolycopersici (causal agent of powdery mildew)
(Achuo et al., 2006), due to concomitant increase in endogenous
ABA levels. Drought acclimated N. benthamiana plants showed
less disease symptoms upon infection with the fungal pathogen,
Sclerotinia sclerotiorum (causal agent of white mold), and the bac-
terial pathogen P. syringae pv. tomato (causal agent of bacterial
speck) compared to well-watered plants infected with pathogens
(Ramegowda et al., 2013a). Consistently, increased reactive oxygen
species (ROS) levels and induction of PR-protein encoding genes
were observed in these plants indicating ROS-mediated oxida-
tive burst and PR-proteins have contributed for disease resistance
in combined stressed plants (Ramegowda et al., 2013a). Here, it
appears that early exposure of plants to drought stress results in
onset of drought stress responses such as increased ABA and ROS
levels which play antagonistic role in suppressing or minimizing
the effect of pathogen infection (Fujita et al., 2006; Mauch-Mani
and Mauch, 2005).
Early response of plants to pathogen alters drought stress
tolerance
Pathogen-infected plants can exhibit either increased suscepti-
bility to drought stress as a consequence of weakened basal defense
5 urnal of Plant Physiology 176 (2015) 47–54
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Fig. 2. Transcriptome analysis in plants exposed to drought stress alone, virus alone
and  drought stress and virus combination – a case study. (a) Number of genes differ-
entially expressed in individual stresses (drought stress or virus infection) and stress
combination (drought stress plus virus infection) are shown. Among the differen-
tially expressed genes, several genes were speciﬁc to each stress. In drought stress
and virus combination, out of 1370 differentially expressed genes 776 were speciﬁc
to  stress combination. Numbers in parentheses are total number of differentially
expressed genes under that stress condition. (b) Speciﬁc regulatory genes with more
than 2-fold up-regulation during drought stress plus virus infection are shown. Data
used for analysis were taken from previous literature (Prasch and Sonnewald, 2013)0 V. Ramegowda, M. Senthil-Kumar / Jo
r enhanced drought tolerance as a result of pathogen-induced
riming (Supplementary Table S2) (Fig. 1; top right panel) (Conrath
t al., 2002; Ton et al., 2005; Ton and Mauch-Mani, 2004; van Hul-
en et al., 2006). For example, Maize dwarf mosaic virus (MDMV)
nfected sweet corn plants (Zea mays var. saccharata) simulta-
eously exposed to drought stress showed more reduction in ear
eight, leaf area and plant height compared to non-infected plants
Olson et al., 1990). MDMV-induced yellowing of leaves could be
ne of the reasons for reduced growth and yield of this virus
nfected plants under combined stress. Simultaneous exposure
f Arabidopsis plants to drought, and Turnip mosaic virus (TuMV)
esulted in higher reduction in plant weight and leaf number under
tress combination compared to individual stresses (Prasch and
onnewald, 2013). Here early infection of these pathogens causes
hlorotic local lesions, mosaic and mottling. Consistently photosyn-
hetic capacity is reduced to shield from subsequent drought stress
nduced ROS damage.
In contrast, another study on combined stress provided evi-
ences for pathogen-induced drought tolerance (Fig. 1; top right
anel). N. benthamiana plants infected with Brome mosaic virus
BMV), Cucumber mosaic virus (CMV) and TMV  showed delayed
ppearance of leaf wilting and stem dehydration under com-
ined virus and drought stress compared to only drought stressed
lants (Xu et al., 2008). BMV  and CMV-infected plants showed
ncreased accumulation of osmoprotectants like glucose, fructose
nd sucrose. In addition, virus infected plants also showed lower
ranspiration rate due to partial stomatal closure resulting in bet-
er water retention in leaf tissues. Conceivably, the metabolic and
hysiological changes due to virus infection combated drought
tress effects and thereby imparted combined stress tolerance in
his study.
athogen-derived elicitors alter plant response to drought stress
Some bacterial pathogen-derived elicitors (Supplementary
able S2) have the potential to affect drought tolerance in plants.
hese can be used to mimic  pathogen infection and to study
imultaneous drought and pathogen effects on plants. Exogenous
pplication of puriﬁed Erwinia amylovora harpin protein on drought
tressed Arabidopsis leaves conferred drought tolerance. The tol-
rance is due to concomitant increase in endogenous ABA levels
riggering stomatal closure thereby reducing the transpiration rate
Dong et al., 2005). Puriﬁed ﬂg22 (ﬂagellin 22), a biologically active
2-amino acid peptide derived from conserved N-terminal region
f ﬂagellin, and a bacterial lipopolysaccharide (LPS), conferred
rought tolerance in Arabidopsis plants through ABA-mediated
tomatal closure (Melotto et al., 2006). Similarly, Pseudomonas
hlororaphis secreted volatile metabolite 2R,3R-butanediol induced
rought tolerance in Arabidopsis through early closure of stomata
Cho et al., 2008). Pathogen-derived molecules have the potential
o induce some immune responses similar to pathogen infection
nd they can help in precisely coinciding simultaneous stress treat-
ents (Bonas and Lahaye, 2002; Montesano et al., 2003; Rasmussen
t al., 2013). Taken together, these studies highlight the impor-
ance of bacteria-derived molecules in understanding the effect of
imultaneous drought and pathogen on plants.
lants exposed to combined drought stress and pathogen
nfection exhibit tailored molecular responses
So far, only one study documented the global transcriptome and
etabolome changes in plants simultaneously exposed to drought
tress and pathogen infection. Transcriptomic and metabolomic
nalyses of Arabidopsis plants simultaneously exposed to drought
tress, heat and TuMV infection showed several tailored responsesand reanalyzed using BioConductor package in R statistical program (Gentleman
et  al., 2004) to convert the probe IDs into AGI gene IDs. Gene symbols not well
deﬁned in literature are marked in gray.
(Prasch and Sonnewald, 2013). Virus alone treatment enhanced the
expression of defense genes, which was abolished in plants exposed
to a combination of virus, heat and drought stress. Further, this
triple stress combination suppressed the R-gene-mediated defense
response and increased the endoplasmic reticulum bound unfolded
protein response (UPR) pathway, which were not observed under
individual stresses. Reanalysis of the transcriptome data from virus
and drought stress experiments using BioConductor package in R
(Gentleman et al., 2004) revealed that the number of genes differen-
tially expressed under individual drought stress and virus infection
was 434 and 539, respectively, but when both stresses were applied
simultaneously 1370 genes were differentially expressed (Fig. 2A).
Among the differentially expressed genes in respective stresses,
156 genes were unique to drought stress and 99 genes were
unique to virus infection. Interestingly, 776 differentially expressed
genes were unique to simultaneous drought stress and virus infec-
tion and are not represented either under drought stress or virus
infection alone. Many of the stress combination speciﬁc genes
highlighted here encode transcription factors and other regulatory
genes (Fig. 2B). Individual stress response of some of these genes
has been well studied. In particular, the role of WRKY transcrip-
tion factors in mediating plant biotic and abiotic stress response
through salicylic acid (SA), jasmonic acid (JA) or ethylene signaling
have been well reported. AtWRKY30 has been shown to be induced
under oxidative stress and pathogen attack and its overexpression
V. Ramegowda, M.  Senthil-Kumar / Journal of Plant Physiology 176 (2015) 47–54 51
Fig. 3. Model for expected molecular responses of plants exposed to a combination of drought stress and pathogen infection. This representation compares the transcriptome
proﬁle of plants under respective individual stresses. Venn diagram is shown to indicate possible gene regulation scenarios. In addition to several shared genes, certain number
of  genes can be speciﬁcally regulated under each stress condition. D – genes unique to drought stress; P – genes unique to pathogen; C – genes unique to drought stress and
pathogen combination (tailored response); DP –genes shared between drought stress and pathogen; DC –genes shared between drought stress and combination of drought
and  pathogen; PC –genes shared between pathogen and combination of drought and pathogen; and DPC – genes shared between drought stress, pathogen and combination
of  drought and pathogen. Genes speciﬁcally induced under stress combination “C” reﬂects the tailored molecular mechanisms regulated in plants simultaneously exposed to
drought and pathogen. Individual stress responses of some of these unique genes induced under stress combination suggest that initial signaling is mediated by phytohormones
and  reactive oxygen species (ROS). The tolerance of drought stress acclimated Nicotiana benthamiana plants to Pseudomonas syringae pv. tabaci and Sclerotinia sclerotiorum
was  correlated with high levels of ROS (Ramegowda et al., 2013a). These signaling molecules can initiate speciﬁc signal transduction cascade involving receptor like kinases
and  receptor like proteins resulting in the activation of speciﬁc transcription factors. Based on the individual stress response studies, it can be presumed that the regulatory
events  after recognitions of combined drought and virus infection involves salicylic acid, jasmonic acid and ethylene mediated regualtion of WRKY transcription factors and
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n Arabidopsis improved oxidative and salinity stresses during seed
ermination (Besseau et al., 2012). Another study also showed
he role of AtWRKY30 in SA dependent negative regulation of
eaf senescence (Scarpeci et al., 2013). Simultaneous knock-out of
tWRKY18 and AtWRKY40 gene expression resulted in improved
esistance of Arabidopsis plants to biotrophic powdery mildew
ungus Golovinomyces oronti which was accompanied by altered
A and JA signaling, EDS1 genes expression and accumulation of
hytoalexin camalexin (Schön et al., 2013). AtWRKY50 has been
hown to mediate both SA- and low-oleic acid-dependent repres-
ion of JA signaling in Arabidopsis. Mutation in AtWRKY50 resulted
n both JA-inducible PDF1.2 (defensin) expression and basal resis-
ance to B. cinerea (Gao et al., 2011). AtWRKY62 has been shown
o act downstream of cytosolic NPR1 which is essential for the
A-mediated suppression of JA-responsive gene expression (Mao
t al., 2007). Overexpression of AtWRKY75 induced oxidative burst
n Arabidopsis plants, suppressed the hyphal growth of S. sclerotio-
um, and consequently inhibited fungal infection. Gene expression
roﬁling indicated that AtWRKY75 is transcriptional regulator of
A- and JA or ethylene-dependent defense signaling pathways
Chen et al., 2013). Furthermore, individual stress response of
P2/ERF transcription factors in mediating biotic and abiotic stress
esponse through ABA was studied. AtERF11 has been shown totors can further activate or suppress functional genes thereby bringing in tolerance
ysteine-rich receptor like kinases; RLK – receptor-like protein kinases; WRKY – WRKY
ted arrows indicate possible signaling response.
negatively regulate ABA-mediated control of ethylene synthesis
thereby averting the negative effect of ethylene on plant growth
and development (Li et al., 2011). Overexpression of AtERF13 in Ara-
bidopsis conferred ABA hypersensitivity during post-germination
growth suggesting its role in ABA mediated stress response (Lee
et al., 2010). Another AP2/ERF transcription factor, RAP2.6 con-
ferred resistance against beet cyst nematode Heterodera schachtii
in Arabidopsis roots by enhanced callose deposition in syncytia
(Ali et al., 2013) and showed hypersensitivity to exogenous ABA
and abiotic stresses during seed germination and early seedling
growth in Arabidopsis (Zhu et al., 2010). In addition to transcrip-
tion factors, individual stress response of upstream regulatory
genes such as receptor-like kinases, receptor-like proteins and
protein phosphatases has been reported. CRK7, a cysteine-rich
receptor like kinase, has been shown to mediate oxidative signaling
induced by apoplastic ROS (Idänheimo et al., 2014). Arabidop-
sis receptor-like protein, AtRLP23, was shown to be associated
with the receptor-like kinase AtSOBIR1 which in turn required
for AtRLP30-mediated resistance to S. sclerotiorum (Bi et al., 2014;
Zhang et al., 2013). Role of AtRLP41 in ABA response has been
demonstrated using knock-out lines which showed enhanced sen-
sitivity to exogenous ABA application (Ellendorff et al., 2008;
Wang et al., 2008). PIA1, (PP2C Induced by AvrRpm1) was shown
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o be induced by infection of P. syringae expressing the effector
vrRpm1 and subsequently activated NB-LRR disease resistance
rotein RPM1 in plant (Widjaja et al., 2010). Taken together
hese reports show that phytohormones ABA, SA, JA and ethyl-
ne play pivotal role in mediating response of plants to combined
rought and pathogen infection. We  hypothesize that under com-
ined stresses the early signaling events likely operate through
BA, SA, JA or ethylene, however the modulation of stress signal,
rosstalk and subsequent downstream events are later tailored. As
bserved under drought and virus stress combination, we speculate
hat plants can display similar tailored molecular responses when
xposed to a combination of drought and bacteria or fungus. The
lausible signaling events under combined drought and pathogen
nfection are given in Fig. 3.
BA plays positive role in pre-invasive defense
Apart from its role in drought and low temperature stress tol-
rance (Shinozaki et al., 2003), ABA also mediates plant defense
esponses (Melotto et al., 2006). High ABA concentration, either
ue to drought-induced accumulation or exogenous application at
he time of pathogen infection is known to affect plant disease
esistance (Mohr and Cahill, 2003). ABA can play both negative
nd positive role in plant response to pathogen infection (Fig. 1;
ower panel). Higher levels of ABA in plants can repress defense
ene expression by suppressing the signaling mediated by SA, JA or
thylene (Anderson et al., 2004). Exogenous application of ABA on
rabidopsis plants increased the virulence of P. syringae pv. tomato
n these plants (de Torres-Zabala et al., 2007). Similarly, application
f ABA suppressed the transcription of defense genes like PDF1.2
plant defensin 1.2), CHI (basic chitinase), HEL (hevein-like protein),
nd LEC (lectin-like protein)  resulting in susceptibility of Arabidop-
is plants to the fungus, Fusarium oxysporum (causal agent of wilt),
nd to the bacteria, Erwinia chrysanthemi (causal agent of bacterial
ilt) infection (Asselbergh et al., 2008; Fujita et al., 2006). The nega-
ive effect of ABA in disease resistance has also been demonstrated
sing mutants defective in ABA biosynthesis and perception. For
xample, B. cinerea infection on tomato mutants, ﬂacca and sitiens,
eﬁcient in ABA biosynthesis resulted in reduced pathogen growth
Audenaert et al., 2002). Similarly, Peronospora parasitica infec-
ion on Arabidopsis ABA-deﬁcient mutant, aba1-1,  induced HR-like
efense response at the site of inoculation and such response was
ot shown by wild type plants (Mohr and Cahill, 2003).
ABA exert positive responses predominantly in pre-invasive
efense against pathogens by increasing the penetration resis-
ance through rapid closure of stomata as shown by application
f pathogen-derived elicitors such as ﬂg22 and LPS (Melotto et al.,
006). Arabidopsis ABA-deﬁcient mutant, aba3-1,  failed to close
tomata upon application of pathogen-derived elicitors suggest-
ng the involvement of ABA-mediated signaling in pre-invasive
efense. ABA also exerts positive response in early post-invasive
efense. Exogenous application of ABA contributed to the resis-
ance of Arabidopsis plants against the fungal pathogens, Pythium
rregulare (causal agent of damping-off), and Alternaria brassicicola
causal agent of dark leaf spot) (Adie et al., 2007), and barley plants
gainst the fungus Blumeria graminis f. sp. hordei (causal agent of
owdery mildew) (Wiese et al., 2004). Conceivably, the enhanced
esistance observed in these studies is due to reduced pathogen
pread achieved by ABA-mediated callose biosynthesis or inhibi-
ion of its degradation (Jacobs et al., 2003; Rezzonico et al., 1998).onclusions and outlook
The response of plants to a combination of biotic and abiotic
tresses is complex involving interaction of various signalingf Plant Physiology 176 (2015) 47–54
pathways. Plant response to stress combination is affected by the
type of abiotic stress and the pathogen involved. Both susceptible
and tolerant responses were observed in plants simultaneously
exposed to drought and pathogen. However, it is not clear why
some interactions resulted in tolerance while others lead to sus-
ceptibility. Most of the studies reported here were conducted at the
ﬁeld level. Plant stage, severity and duration of each stress, effect of
stress combination at the cellular level and whether the given stress
combinations were simultaneous or sequential are not well estab-
lished in most of these studies. Though the extent of crop damage
caused by stress combinations is known for a long time (Mittler,
2006; Mittler and Blumwald, 2010), these stress combinations are
rarely studied at the laboratory level. Substantial information is
available on the physiological, molecular, and metabolic changes
in plants exposed to individual stresses. These studies have delin-
eated the effect of each stress at cellular as well as plant level by
exposing plants to different stress intensities at different growth
stages under controlled laboratory conditions and the results have
been translated to ﬁeld situation (Atkinson and Urwin, 2012;
Mittler, 2006; Suzuki et al., 2014). However, this knowledge is lim-
iting under combination of stresses. There is lacuna in delineating
the contribution of individual stresses and stress combination and
also challenges in accurate combined stress imposition (Lawlor,
2013). Therefore stress combination need to be handled as a differ-
ent state of stress and studied at the laboratory level to adequately
explore the interactions. In addition, it also requires a repository of
combined stress interactions using past literature and allow users
to know what pathogen causes positive or negative interaction on
drought on what plant species at what stress level.
Response of plants to a combination of drought and pathogen
strongly depends on the crop involved, developmental stage and
intensity and duration of each stress. Therefore, precise stress
imposition at speciﬁc growth stage of plants is needed for better
understanding of the combined stress effects. As mentioned before,
occurrence of drought stress under ﬁeld situation is not instan-
taneous, rather develops over a period of time depending on the
vapor pressure deﬁcit of the growing environment. Most of the
studies reported here were conducted at the ﬁeld level. Though
drought and pathogen infection had coincided at some stage in
these studies, the stress imposition was  sequential rather than
simultaneous. These studies suggest that simultaneous drought
and pathogen application is difﬁcult even under the laboratory con-
ditions using soil drying methods. An alternative method would
be exploitation of priming response of phytohormones or chem-
icals which mimic  drought and pathogen infection. This will help
better management of simultaneous drought and pathogen combi-
nation under laboratory conditions. For example, combined stress
can be applied accurately by using ABA to mimic drought stress and
pathogen-derived elicitors to mimic  pathogen infection. Similarly,
exogenous JA or SA can be used to induce some defense responses
related to pathogen infection (Antico et al., 2012; Singh et al., 2004).
An increasing number of studies suggest that plants have
evolved tailored strategies to combat simultaneous stresses
(Pandey et al., 2014). Though the ﬁnal cellular response of plants
is expected to be speciﬁc to stress combinations, the perception
and signal transduction events could be operated through some
known signaling components. These signaling components include
hormone signals, receptors and transcription factors. However, our
knowledge on role of these signaling components under stress
combination is limited, therefore, further studies are required to
understand these mechanisms. Transcriptome, metabolome and
proteomic approaches can be used to reveal signaling events under
combination of drought and pathogen infection. A high throughput
functional genomic approach such as virus-induced gene silenc-
ing in association with high throughput stress effect quantiﬁcation
methods in model plant species would also hasten the process
urnal o
(
p
c
C
A
G
f
C
M
c
R
A
A
A
A
A
A
A
A
A
A
B
B
B
B
B
C
C
C
C
CV. Ramegowda, M.  Senthil-Kumar / Jo
Ramegowda et al., 2013b; Senthil-Kumar and Mysore, 2011). Key
layers identiﬁed from these approaches can be used to develop
rop plants tolerant to simultaneous stresses.
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